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Accumulation of specific proteins at synaptic
structures is essential for synapse assembly
and function, but mechanisms regulating local
protein enrichment remain poorly understood.
At the neuromuscular junction (NMJ), subsyn-
aptic nuclei underlie motor axon terminals
within extrafusal muscle fibers and are tran-
scriptionally distinct from neighboring nuclei.
In this study, we show that expression of the
ETS transcription factor Erm is highly concen-
trated at subsynaptic nuclei, and its mutation
in mice leads to severe downregulation of
many genes with normally enriched subsynap-
tic expression. Erm mutant mice display an
expansion of the muscle central domain in
which acetylcholine receptor (AChR) clusters
accumulate, show gradual fragmentation of
AChR clusters, and exhibit symptoms of
muscle weakness mimicking congenital myas-
thenic syndrome (CMS). Together, our findings
define Erm as an upstream regulator of a tran-
scriptional program selective to subsynaptic
nuclei at the NMJ and underscore the impor-
tance of transcriptional control of local synaptic
protein accumulation.
INTRODUCTION
The alignment of presynaptic and postsynaptic elements
of chemical synapses represents an important step in
wiring neuronal circuits for function. This process involves
the spatially coordinated enrichment and assembly of
presynaptic neurotransmitter releasemachinery and post-
synaptic structures at nascent synaptic sites. Despite the
recognized importance of subcellular protein accumula-
tion to synaptic sites, regulatory mechanisms orchestrat-
ing local accumulation of synaptic proteins to these highly726 Neuron 55, 726–740, September 6, 2007 ª2007 Elsevier Ispecialized cellular compartments remain poorly defined
(McAllister, 2007).
The vertebrate neuromuscular junction (NMJ) has been
at the forefront of studies to define the cellular and
molecular mechanisms of synaptogenesis. Presynaptic
motor axon terminals align precisely with postsynaptic
acetylcholine receptor (AChR) clusters within the central
domain of extrafusal skeletal muscle fibers (Arber et al.,
2002; Burden, 2002; Kummer et al., 2006; Sanes and
Lichtman, 2001). Specialized transcriptional programs
expressed from subsynaptic nuclei within extrafusal mus-
cle fibers underlying presynaptic motor axon terminals
play an important role in the enrichment of proteins
required locally at the NMJ (Burden, 2002; Sanes and
Lichtman, 2001; Schaeffer et al., 2001). These transcrip-
tional mechanisms ensure spatial separation of multinu-
cleated extrafusal muscle fibers into extrasynaptic and
synaptic domains and allow local enrichment of synaptic
proteins. Despite the fact that many genes are expressed
subsynaptically at the NMJ (Burden, 2002; Schaeffer
et al., 2001), the transcription factors involved in regulation
of subsynaptic gene expression in vivo remain to be
identified.
A series of studies suggests that transcriptional regula-
tion through ETS transcription factors might contribute
to subsynaptic gene expression (Schaeffer et al., 2001).
Several genes expressed subsynaptically, including the
AChR3 subunit, contain a conserved ETS binding site
(N-box) in their respective promoter regions (Duclert
et al., 1996; Koike et al., 1995). The in vivo relevance of
this N-box element in the regulation of AChR3 expression
is underscored by the observation that mutation of this
binding site in humans leads to congenital myasthenic
syndrome (CMS) (Nichols et al., 1999; Ohno et al., 1999),
a broad class of diseases characterized by a dysfunction
of neuromuscular transmission due to either presynaptic
or postsynaptic NMJ abnormalities (Engel et al., 2003).
The ETS-related transcription factor GABPa has been
shown to bind in vitro to elements containing the N-box
motif, and it is thought to activate subsynaptic gene
transcription (Fromm and Burden, 1998; Schaeffer et al.,
1998). Supporting the view for a role of GABPa innc.
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dominant-negative GABPb subunit known to heterodi-
merize with GABPa led to reduced AChR3 promoter
induction in innervated muscle fibers (Briguet and Ruegg,
2000).
Nevertheless, at least two lines of evidence argue
against a major role for GABPa in the regulation of sub-
synaptically restricted gene expression. First, GABPa is
expressed broadly throughout extrafusal muscle fibers
with only a minor enrichment in the subsynaptic domain
(Schaeffer et al., 1998). Second, two recent studies have
analyzed mice with a conditional mutation of GABPa in
skeletal muscles (Jaworski et al., 2007; O’Leary et al.,
2007). These mutant mice survive to adulthood without
any overt signs of muscle weakness or motor behavioral
phenotypes to be expected from mice with severely
compromised subsynaptic gene expression. In a detailed
analysis of NMJs, one study observed no changes in the
level or pattern of subsynaptic gene expression at NMJs
(Jaworski et al., 2007), and in the other study, only mild
alterations in AChR cluster morphology for a fraction of
NMJs were detected (O’Leary et al., 2007). Both of these
recent in vivo studies thus strongly argue against a domi-
nant role of the ETS-related transcription factor GABPa in
subsynaptic gene expression, a hypothesis previously
proposed mainly on the basis of in vitro assays.
These recent findings suggest that other ETS transcrip-
tion factors function in the regulation of subsynaptic gene
expression in skeletal muscles. Pea3 subfamily members
share a highly conserved DNA binding domain structure
(Sharrocks, 2001) and have been demonstrated to exhibit
in vitro DNA binding preferences similar to GABPa (Mo
et al., 1998), thus making them plausible candidates as
potential regulators of subsynaptic gene expression in
skeletal muscles. The Pea3 subfamily of ETS transcription
factors comprises three members (Pea3, Er81, and Erm),
all of which are expressed in intrafusal muscle fibers within
muscle spindles (Arber et al., 2000; Hippenmeyer et al.,
2002). Pea3 and Er81 are not expressed in a selective
way within extrafusal muscle fibers, whereas Erm is
expressed within a centralized domain of skeletal mus-
cles, reminiscent of subsynaptic localization (Hippen-
meyer et al., 2002). In addition, while both Pea3 and
Er81 are expressed in distinct motor neuron pools in the
spinal cord, Erm is not expressed bymotor neurons (Arber
et al., 2000; Lin et al., 1998; Livet et al., 2002). Functionally,
both Pea3 and Er81 play important and selective neuronal
roles in the assembly of neuromuscular circuitry (Arber
et al., 2000; Lin et al., 1998; Livet et al., 2002; Vrieseling
and Arber, 2006), but a role for Erm in this system remains
to be determined.
In this study, we provide evidence that within extrafusal
muscle fibers, the ETS transcription factor Erm is
expressed selectively from subsynaptic nuclei. Erm
mutant mice display a broader endplate (EP) domain
and gradual fragmentation of AChR clusters, but align-
ment of presynaptic and postsynaptic structures is not
affected. Moreover, Erm mutant mice develop muscleNeweakness and show functional neuromuscular transmis-
sion defects. Mechanistically, we provide genome-wide
evidence that Erm is required for transcriptional regulation
of many genes normally expressed subsynaptically.
Taken together, these results demonstrate that the ETS
transcription factor Erm is essential to enhance subsynap-
tic gene expression at the NMJ, and they emphasize the
importance of transcriptional regulatory programs in syn-
aptic protein enrichment.
RESULTS
Erm Expression by Subsynaptic Nuclei
in Extrafusal Muscle Fibers
In previous experiments, we found that the ETS transcrip-
tion factor Erm is expressed by intrafusal muscle fibers,
but also in a restricted central domain within extrafusal
muscle fibers (Hippenmeyer et al., 2002). This domain
correlated with the location of presynaptic motor innerva-
tion inmouse hindlimbmuscles. To study a putative role of
Erm in NMJ development and maintenance, we first
conducted a detailed analysis of Erm expression in skele-
tal muscles of the mouse at different developmental
stages.
Using in situ hybridization on serial sections, we
analyzed the expression pattern ofErm in relation to a tran-
script known to be subsynaptically expressed, the AChR
delta subunit (AChRd) (Simon and Burden, 1993). In
mouse hindlimb muscles, we first detected Erm expres-
sion in a diffuse but centralized domain within muscles
at embryonic day 14.5 (E14.5) (Figure 1A). Erm expression
contrasted with the widespread expression of the basic
helix-loop-helix transcription factor MyoD throughout
extrafusal muscle fibers (Figure 1C). To selectively visual-
ize motor axons and the forming neuromuscular EP band,
we performed these experiments in Hb9GFP transgenic
embryos, a strain of mice expressing GFP in motor
neurons (Wichterle et al., 2002). We found that Erm
expression coincided with GFP+ axons in the muscle
(Figure 1B), thus demonstrating restricted expression to
the neuromuscular EP domain even at these early stages.
By E16.5, Erm and AChRd expression were detected in
a narrow band within muscles (Figures 1D–1F) and found
in tight association with GFP+motor axons also containing
Neurofilament (NF) (Figures 1E and 1F). We observed the
same restricted expression pattern of Erm at postnatal
day 1.5 (P1.5) (Figures 1G and 1I), at P8 (Figure 1M), and
in the adult (Figures S1I and S1J in the Supplemental
Data available with this article online). Together, these
findings show that extrafusal Erm expression is restricted
to the position of the neuromuscular EP band.
To determine more precisely the site of Erm expression
at the level of individual NMJs of an EP band, we per-
formed high-resolution analysis of NMJs at P1.5 and P8
(Figures 1J–1L, 1N, and 1O). We found that Erm expres-
sion in individual extrafusal muscle fibers is associated
with presynaptic motor nerve terminals, as revealed by
Synaptophysin and NF immunohistochemistry (Figuresuron 55, 726–740, September 6, 2007 ª2007 Elsevier Inc. 727
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Erm Controls Subsynaptic Gene ExpressionFigure 1. Erm Expression by Subsynaptic Nuclei in Extrafusal Muscle Fibers
(A–C) In situ hybridization to Erm (A and B) andMyoD (C) on consecutive longitudinal sections of E14.5 tibialis anterior muscle (muscle outline: solid
lines) in an Hb9GFP embryo. Neuromuscular endplate (EP) band (dotted lines in [A]–[C]) was identified by antibodies to GFP (green) (B).
(D–F) Expression of Erm (D and E) and AChRd (F) on consecutive longitudinal sections of hindlimbmuscles of an E16.5Hb9GFP embryo detected by in
situ hybridization (black) in combination with immunocytochemistry to GFP and NF (E and F). Boundaries of muscles are shown as solid lines, outline
of EP band in (E) and (F) as dotted lines.
(G–L) In situ hybridization to Erm ([G], black; [I–L], green) on P1.5 hindlimb muscles combined with immunohistochemical detection of Synaptophysin
(H–J), NF (H–L), and vGlut1 (present at intrafusal [(L), arrow], but not extrafusal [(K) and (L), asterisk], muscle fibers). High-resolution images of (I) (box)
are shown in (J) and (K).
(M–O) Erm expression on P8 hindlimb muscles by in situ hybridization in combination with Synaptophysin, NF, and nuclei. (M) Low-resolution image
reveals EP band; arrows point to individual EPs; dashed lines outline individual muscle fibers. (N and O) High-resolution images of individual NMJs;
dotted line depicts diameter of individual muscle fiber.
Scale bar, 40 mm in (A)–(C); 90 mm in (D)–(F); 50 mm in (G)–(I); 5 mm in (J) and (K); 10 mm in (L); 120 mm in (M); 6.5 mm in (N) and (O).728 Neuron 55, 726–740, September 6, 2007 ª2007 Elsevier Inc.
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Erm Controls Subsynaptic Gene Expression1J, 1N, and 1O). Moreover, we also found a tight associa-
tion of Erm expression with nuclear clusters (Figure 1O)
known to accumulate preferentially underneath individual
NMJs (Grady et al., 2005; Schaeffer et al., 2001). Erm
expression was also detected in intrafusal muscle fibers,
which could clearly be distinguished from extrafusal
muscle fibers by their association with vGlut1+ group Ia
proprioceptive afferent terminals (Figures 1K and 1L)
(Pang et al., 2006).
Taken together, these findings show that Erm expres-
sion in skeletal muscles is initiated in a centralized domain
in alignment with ingrowing motor axons. As NMJs
mature, Erm expression is refined to precisely underlie
the neuromuscular EP band, and its expression in individ-
ual extrafusal muscle fibers eventually matches the pre-
synaptic innervating motor EP.
Motor Innervation Does Not Regulate Erm
Expression from Subsynaptic Nuclei
Since we found that the onset of Erm expression paral-
leled the ingrowth of motor axons into the muscle, these
findings raised the question of whether its expression is
influenced by motor-neuron-derived signals. To directly
address this question, wemade use of a previously gener-
ated mouse strain in which motor neurons are ablated
selectively before their axons reach skeletal muscles;
this is done by the expression of diphtheria toxin A (DTA)
in motor neurons through a binary genetic system
(Isl2DTA/Hb9Cre) (Pun et al., 2002).
In E16.5 Isl2DTA/Hb9Cre embryos, muscles were devoid
of both presynaptic motor axons and S100+ Schwann
cells (Figures S1G and S1H) (Pun et al., 2002), thus con-
firming the absence of motor innervation in Isl2DTA/Hb9Cre
embryos. In contrast, AChR clusters visualized by the flu-
orescently labeled snake venom a-Bungarotoxin (BTX)
still accumulated in the central domain (Figure S1F), in
agreement with previous observations (Yang et al.,
2001). Since the position of the neuromuscular EP band
can be followed easily on consecutive sections, we next
compared the position of Erm in situ hybridization signal
(Figures S1A and S1E) to the location of AChR clusters
on consecutive sections (Figures S1B and S1F). We found
that in both wild-type and Isl2DTA/Hb9Cre embryos, Erm
expression was confined to the position of AChR clusters
(Figures S1A, S1B, S1E, and S1F). These findings thus
demonstrate that the onset of Erm expression and its con-
finement to a centralized domain within extrafusal muscle
fibers is not regulated by motor-axon-derived factors.
The lack of responsiveness of Erm expression to the
absence of motor axons during early NMJ development
left open the possibility that Erm expression might be
regulated by nerve-derived signals at later stages, in
particular after nerve lesion in the adult. Several genes
including AChRd are upregulated prominently in dener-
vated extrafusal muscle fibers upon peripheral nerve
lesion, whereas the expression of AChR3 remains largely
unaffected (Moss et al., 1987; Witzemann et al., 1991).
To directly address the question of whether Erm expres-Neusion is influenced by the presence of motor axons in adult
mice, we performed denervation experiments in which the
sciatic nerve was cut ipsilaterally and animals were
allowed to survive for 7 days subsequent to lesion. To con-
firm successful lesion of the sciatic nerve, we analyzed
Synaptophysin immunoreactivity (Figures S1I, S1M,
S1Q, and S1U). Similar to the method employed for the
embryonic analysis (Figures S1A–S1H), we next used
analysis of gene expression on consecutive sections in
the EP band region. We found that expression of AChRd
was extensively upregulated throughout the denervated
triceps surae muscle group, whereas nearly undetectable
levels were found in contralateral muscles (Figures S1L,
S1P, S1T, and S1X). Moreover, we found that independent
of innervation, Erm expression was confined to a central
domain within triceps surae muscles (Figures S1J, S1N,
S1R, and S1V). Finally, denervation experiments in P2
mice did not lead to changes in the expression pattern
of Erm 3 days subsequent to denervation (Figure S2).
The response properties of Erm are thus similar to
AChR3, whose expression is also not strongly changed
by denervation (Figures S1K, S1O, S1S, and S1W) (Witze-
mann et al., 1991). Together, these findings suggest that
Erm expression in skeletal muscles is not influenced
by the state of innervation, in contrast to other genes
also expressed subsynaptically, such as the AChRd
subunit.
Erm Mutation Results in Progressive
Muscle Weakness
The confined domain of Erm expression to subsynaptic
extrafusal muscle fiber nuclei raised the question of the
role of this transcription factor in NMJ development and
maintenance. We therefore examined whether Erm mu-
tant mice exhibit defects in the neuromuscular system.
Ermmutant mice were born at normal Mendelian frequen-
cies (Chen et al., 2005) (unpublished data), but already
shortly after birth showed significant differences in body
weight when compared with wild-type littermates
(82% of wild-type body weight at P1.5, n R 3; Fig-
ure S3A). In a postnatal developmental time course, we
found that Erm mutants showed severe deficits in weight
gain when compared with control littermates. By 1 month
of age, Ermmutant mice exhibited only60% of the body
weight of control littermates (Figure S3A). These defects in
body weight acquisition observed in Erm mutant mice
were paralleled by a reduction in weight acquisition at
the level of individual muscle groups over time (quadri-
ceps: P10, 70% / 10 weeks, 45% of wild-type; triceps
surae: P10,76% / 10weeks,46%of wild-type; Figures
S4E and S4F). Nevertheless, Ermmutant mice did not ex-
hibit obvious defects inmuscle patterning, insertion points
of muscles to tendons, pattern of striation in individual ex-
trafusal muscle fibers, establishment of sensory organs
within muscles, or expression levels of many structural
and metabolic genes (Figures S4–S6), arguing against
a role of Erm in the process of general muscle patterning
and differentiation.ron 55, 726–740, September 6, 2007 ª2007 Elsevier Inc. 729
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mice showed behavioral anomalies reminiscent of NMJ
defects. Erm mutant mice exhibited a strong hunchback
with 100% phenotypic penetrance and striking differ-
ences in movement when compared with their control
littermates, characterized by slow movement and periods
of immobility (Figures S3C and S3D, and data not shown).
Moreover, between P10 and P20, Ermmutant mice devel-
oped fast, irregular breathing and an unusual vocalization
pattern characterized by uncoordinated whistling sounds
never observed in wild-type mice. Finally, median life
expectancy of Erm mutant mice was only 2.3 months
(n = 12) compared to over 2 years for control littermates
(n = 9), and no Ermmutant mouse survived past 9 months
of age (Figure S3B). Together, these findings suggest that
Erm mutant mice exhibit gross phenotypic behavioral
deficits similar to those described to occur in CMS (Engel
et al., 2003).
Erm Mutation Results in Postsynaptic AChR
Cluster Fragmentation
To begin to assess whether Ermmutation in mice leads to
morphologically detectable defects at NMJs, we first
assayed the appearance of individual AChR clusters in
6- to 8-month-old Erm mutant mice (Figures 2A–2F).
Whereas the shape of postsynaptic specializations of
AChR cluster accumulations at wild-type NMJs exhibited
a typical ‘‘pretzel-like’’ appearance (Figures 2A–2C), we
found that AChR clusters in Erm mutant mice showed
a highly disrupted pattern (Figures 2D–2F). To assay these
differences quantitatively, we assessed the number of
uninterrupted, fluorescently BTX-labeled AChR cluster
fragments at individual NMJs (Figure 2G) and measured
the length of the longest fragment of these clusters
(Figure 2H). Moreover, we also determined the surface
area covered by the total NMJ and the area covered by
individual fragments (Figures 2I and 2J).Whereas the num-
ber of uninterrupted AChR fragments at wild-type NMJs
averaged two with a maximal fragment length of 45 mm
(n= 27),Ermmutant AChRclusterswere frequently disrup-
ted, reaching an average of approximately seven frag-
ments per NMJ, with a maximal cluster length of only
15 mm (n = 32) (Figures 2G and 2H). Moreover, we found
a significant decrease in the surface area coveredbyAChR
clusters at NMJs ofErmmutantmicewhen comparedwith
that of wild-type littermates (Figures 2I and 2J).
We also assayed whether AChR clusters in Ermmutant
mice show normal morphologies at earlier stages. We
found that at 2 months of age, most AChR clusters in
Ermmutant mice already exhibited a fragmented appear-
ance, but20%of clusters showed an immature ‘‘plaque-
like’’ configuration (Figures 2L and 2M), never observed in
wild-type mice of this age (Figure 2K and data not shown).
Together, these data show that the morphology of individ-
ual postsynaptic NMJs in the adult is severely affected in
Erm mutant mice and suggest that a mature pretzel-like
appearance of AChR clusters never develops in dia-
phragm muscles of these mice.730 Neuron 55, 726–740, September 6, 2007 ª2007 Elsevier IErm Mutant Mice Exhibit Early Defects in NMJ
Positioning within the Muscle
Since the expression pattern of Erm demarcates the
central domain of extrafusal muscle fibers, we next deter-
mined whether Erm mutation affects the positioning of
NMJs with respect to the central domain. In order to be
able to evaluate quantitatively the width of the synaptic
domain in which NMJs accumulate, we focused our
Figure 2. Fragmentation of AChR Clusters in Adult Erm
Mutant Mice
(A–F) AChR clusters visualized using fluorescent BTX in diaphragm
muscle of 6- to 8-month-old wild-type (A–C) and Erm mutant (D–F)
mice (lower right corner: number of fragments for AChR cluster
shown).
(G–J) Quantification of BTX+ AChR clusters in diaphragm muscles of
wild-type (gray) and Erm mutant (red) mice. Average number of frag-
ments (G), longest individual fragment per NMJ (H), area occupied
by individual fragment (I), and area occupied by entire NMJ (J) are illus-
trated. Values are derived from the analysis of 32 Erm mutant and 27
wild-type AChR clusters (from nR 2 animals). ± SEM: ***p% 0.001.
(K–M) AChR clusters visualized using fluorescent BTX in diaphragm
muscle of 2-month-old wild-type (K) and Erm mutant ([L], plaque-like
configuration; [M], fragmentation) mice.
Scale bar, 8 mm in (A)–(F); 9 mm in (K)–(M).nc.
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Erm Controls Subsynaptic Gene Expressionanalysis on the diaphragm muscle and intercostal mus-
cles, two muscle types with relatively flat anatomy that
are easily accessible for whole-mount analysis.
At E14.5, no difference in the width of AChR cluster
accumulation was detected in Erm mutants (Figure 3E,
Figures S7A–S7D; data not shown). However, by E16.5,
when the width of subsynaptic gene expression is nor-
mally refined to matchmotor axon terminals, we observed
a significant difference betweenwild-type and Ermmutant
mice (Figures 3A–3E; Figures S7E–S7H). To compare
quantitatively the width of the domain in which AChR clus-
ters accumulate between wild-type and Ermmutant mice,
we used the entry point of the phrenic nerve into the left
hemidiaphragm as an anatomical reference point (Figures
3A–3D). At E16.5, we observed an 60% increase in
broadening of the domain in which AChR clusters were
detected in diaphragm muscles of Erm mutant mice
when compared with the domain in wild-type (Figures
3C and 3D), and this value remained similar at P1.5 and
P10 (Figure 3D). Together, these findings suggest that at
early developmental stages, AChR clusters in Ermmutant
mice already distribute over a broader central domain than
in wild-type mice.
Normal Alignment of Presynaptic and
Postsynaptic Structures in Erm Mutant Mice
Several mouse mutants with defects in postsynaptic
AChR cluster differentiation also exhibit defects in presyn-
aptic alignment of motor axon terminals (Sanes and Licht-
man, 2001). Our findings that Erm mutant mice exhibit
a broadened positioning of AChR clusters therefore raised
the question of whether presynaptic alignment of motor
axons with these clusters is also affected. We therefore
first compared the alignment of presynaptic Hb9GFP+
motor axon terminals with postsynaptic AChR clusters in
wild-type and Erm mutant diaphragm muscles at the
gross anatomical level. We found that AChR clusters
were consistently associated with nerve terminals in
both mouse strains from E16.5 onward (Figures 3F–3I
and data not shown). In particular, even AChR clusters
positioned at a far distance from the central ingrowth point
of motor nerves in Erm mutant mice were innervated
(Figure 3I).
We next monitored NMJs in Erm mutant mice at high
resolution. We performed immunohistochemistry with
antibodies to presynaptic proteins on P10 hindlimb mus-
cles, but found no differences in presynaptic and postsyn-
aptic alignment in Erm mutants when compared with that
of wild-type (Figure S8). At 6 months of age, when Erm
mutant AChR clusters exhibit a high degree of fragmenta-
tion (Figures 2D–2F and Figures 4D and 4J), presynaptic
Synapsin/Synaptophysin+ motor axons nevertheless
precisely followed individual AChR cluster fragments
(Figures 4A–4L). Finally, we also determined whether
Erm mutation affects aggregation of subsynaptic nuclei
(Grady et al., 2005), but we found no difference in the clus-
tering of these nuclei at individual NMJs in Ermmutants in
comparison with that of wild-type (Figures 4M–4R). WeNeconclude that the absence of Erm does not affect the
alignment of presynaptic and postsynaptic structures at
NMJs or clustering of subsynaptic nuclei.
Erm Mutant Mice Show Deficiencies
in Neuromuscular Transmission
To determine whether the anatomical defects observed at
NMJs of Ermmutant mice correlate with defects in neuro-
muscular synaptic transmission, we performed intracellu-
lar recordings from individual diaphragm muscle fibers in
wild-type and Erm mutant mice.
We first analyzed the frequency of miniature EP poten-
tials (MEPPs), events of spontaneous neurotransmitter re-
lease that are a reflection of the number of release sites at
a given NMJ.We found a highly significant reduction in the
frequency of MEPPs in Ermmutant mice to35% of wild-
type levels (Figure 5E). This finding is in agreement with
our anatomical analysis, in which we found the total area
covered by synaptic structures at individual NMJs in
Erm mutant mice to be reduced by approximately the
same degree (Figure 2J). Moreover, the average MEPP
amplitude was reduced by 33% in Ermmutant mice, in-
dicative of postsynaptic defects in these animals (Figures
5A–5D and 5F).
We also found deficits in response to nerve stimulation
in Erm mutant mice. We used low extracellular calcium
concentration to reduce the number of quanta released
upon nerve stimulation and thus prevent action potential
responses in muscle fibers. Under these conditions,
phrenic nerve stimulation in wild-type mice elicited no
postsynaptic response in 58% of trials. In contrast, an
average of 75% of trials failed to evoke responses in
Ermmutant mice (Figure 5K). Also, the average amplitude
corresponding to the first quantal peak of the evoked EP
potentials (EPPs) was reduced in Ermmutants to a similar
degree as the amplitude of MEPPs (Figures 5G–5J and
5L). Together, these findings show that defects observed
at the anatomical level in Erm mutant mice are also man-
ifested as functional deficiencies in synaptic transmission
at the NMJ.
Transcriptional Broadening in Subsynaptic Gene
Expression in Erm Mutant Mice
The observation that accumulation of AChR clusters is
detected in a broadened central domain in Erm mutant
muscles raised the question of whether a similar pheno-
type can also be observed at the level of transcripts, which
are selectively expressed subsynaptically. To address this
issue, we analyzed the expression of theAChRa subunit in
intercostal muscles of wild-type and Erm mutant mice
using whole-mount in situ hybridization. We found that
at E16.5 and P1.5, the width of the AChRa expression do-
main is significantly increased in Erm mutant mice when
compared with that of wild-type (Figures 6A–6D and
6G). Furthermore, we also made use of the fact that Erm
mutant mice still express truncated Erm transcript (Chen
et al., 2005), and found similar changes for the expression
domain of Erm (Figures 6E–6G). Together, these findingsuron 55, 726–740, September 6, 2007 ª2007 Elsevier Inc. 731
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Erm Controls Subsynaptic Gene ExpressionFigure 3. Erm Mutant Mice Exhibit Defects in AChR Cluster Positioning
(A and B) Analysis of AChR cluster distribution (BTX) and motor nerve ingrowth (Hb9GFP) into diaphragm muscles of E16.5 wild-type (A) and Erm
mutant (B) mice. Both BTX signals, as well as overlay with GFP, are shown in each panel. Arrows indicate the area used for quantification (C and D).
(C and D) Quantification of domain in which AChR clusters accumulate in diaphragm muscles (left hemidiaphragm used for analysis). Ten bins to the
left and right of phrenic nerve entry point were analyzed, in bins of 120 mm at E16.5. Example for bin number +4 is shown schematically and quan-
titative analysis of all bins is displayed below. (D) Averages of this analysis over all bins and as a percentage of wild-type at E16.5, P1.5, and P10 for
wild-type (gray) and Erm mutants (red). ±SEM: *p% 0.05, **p% 0.01, and ***p% 0.001.
(E) Analysis of AChR cluster accumulation domain for intercostal muscles relative tomuscle width at E14.5, E16.5, and P1.5 detected as a percentage
of wild-type. ±SEM: *p% 0.05, **p% 0.01, and ***p% 0.001.
(F–I) Alignment analysis of presynaptic and postsynaptic differentiation at P1 (F and G) and P10 (H and I) in wild-type (F) and Ermmutant (G–I) mice by
visualization of GFP (green: Hb9GFP) and BTX (red: AChR clusters).
Scale bar, 200 mm in (A) and (B); 60 mm in (F) and (G); 45 mm in (H); 100 mm in (I).732 Neuron 55, 726–740, September 6, 2007 ª2007 Elsevier Inc.
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Erm Controls Subsynaptic Gene ExpressionFigure 4. Alignment of Synaptic Struc-
tures of NMJs in Erm Mutant Mice
(A–L) BTX+ AChR clusters in single teased
tibialis anterior muscle fibers of 6-month-old
wild-type ([A–C] and [G–I]) and Erm mutant
([D–F] and [J–L]) mice align with presynaptic
structures as revealed by antibodies to Synap-
sin (B, C, E, and F) or Synaptophysin (H, I, K,
and L). NF immunohistochemistry visualizes
motor axons in (C), (F), (I), and (L), and occa-
sional NF+ axons extending to neighboring
removed muscle fibers are visible ([L], bottom).
(M–R) Analysis of subsynaptic nuclear clusters
in extrafusal muscle fibers of 6-month-old wild-
type (M–O) or Erm mutant (P–R) mice revealed
by DRAQ5 fluorescence. Note that DRAQ5
labels all nuclei (including those of Schwann
cells and fibroblasts), but in both wild-type
and Erm mutant mice, subsynaptic nuclei
accumulate and cluster underneath AChR
clusters.
Scale bar, 10 mm in (A)–(L); 13 mm in (M)–(R).show that Erm is required to define the width of the tran-
scriptionally specialized central region within extrafusal
muscle fibers.
Downregulation of a Subset of Genes Expressed
Subsynaptically in Erm Mutants
The pronounced defects in postsynaptic NMJ differentia-
tion in Erm mutant mice raise the question of the conse-
quences of Erm mutation at the transcriptional level. We
first analyzed several genes whose expression is known
to be selectively regulated at the transcriptional level
within the subsynaptic domain and which have previously
been linked to regulation by ETS transcription factor bind-
ing sites (Briguet and Ruegg, 2000; de Kerchove D’Ex-
aerde et al., 2002; Fromm and Burden, 1998). Specifically,
we determined expression of AChR3 and AChRd by in situ
hybridization at P10, a time point at which expression of
AChR3 is upregulated in wild-type mice. We used consec-
utive sections probed for Erm as a positive control for in
situ hybridization and determined the presence of presyn-
aptic motor nerves on all sections by combinatorial immu-
nohistochemical detection of NF. While expression levels
of Erm and AChRa were not affected in Erm mutant hind-Nelimb muscles (Figures 7A–7D, data not shown), we found
that both AChR3 and AChRd expression were reduced
considerably when compared with wild-type (Figures
7E–7L). To evaluate expression levels of the muscle-spe-
cific tyrosine kinase receptorMuSK, we used quantitative
real-time PCR, since expression levels of MuSK are rap-
idly downregulated in muscles at late embryonic stages
of wild-typemice (Valenzuela et al., 1995). In Ermmutants,
we found an 35% reduction of MuSK levels detected in
wild-type littermates at E16.5 and an 65% reduction at
P1.5 (Figures 7Y and 7Z). These findings suggest that
the expression of a subset of subsynaptically expressed
genes was affected in Erm mutant muscles.
To evaluate the fraction of synaptically expressed genes
whose expression is affected by absence of Erm at a
genome-wide level, we next conducted a screen based
on Affymetrix chip technology. To isolate muscle tissue
enriched in subsynaptic or extrasynaptic nuclei, we used
visually guided manual microdissection of muscle tissue
at P1.5 and P9.5. To validate the isolation procedure of
our samples, we first identified genes selectively enriched
in subsynaptic areas of wild-type mice when compared
with extrasynaptic samples (synaptic enrichmenturon 55, 726–740, September 6, 2007 ª2007 Elsevier Inc. 733
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Erm Controls Subsynaptic Gene ExpressionFigure 5. Defects in Synaptic Transmis-
sion at NMJs of Erm Mutant Mice
Analysis of MEPPs (A–F) and EPPs (G–L) at
NMJs of diaphragm muscle fibers of 10-
week-oldwild-type andErmmutantmice using
intracellular recording techniques. (A)–(D) and
(G)–(J) depict analysis of a single muscle fiber
for wild-type (A, C, G, and I) and Erm mutant
(B, D, H, and J). (A) and (B) show four represen-
tative MEPPs, and (G) and (H), ten sequential
evoked traces, including some failed re-
sponses (flat traces). (C), (D), (I), and (J) show
frequency histograms for MEPPs (C and D)
and EPPs (I and J). Note that in EPP histo-
grams, failures are scored at 0mV (wild-type:
206 of 307 trials; Erm mutant: 238 of 311 trials
for fibers shown). Total analysis includes 16
muscle fibers each from wild-type and Erm
mutant mice, and averaged MEPP frequency
(wild-type 45.8 ± 5.8, mutant 16.8 ± 4.2
MEPP events/min [E]), MEPP amplitude (wild-
type 1.31 ± 0.06, mutant 0.87 ± 0.06mV [F]),
EPP failure rate (wild-type 58.1% ± 3.4%, mu-
tant 74.7% ± 3.5% of trials [K]) and first quantal
peak EPP amplitude (wild-type 1.16 ± 0.07,
mutant 0.84 ± 0.05mV [L]) for all recordings
are shown. The average resting membrane po-
tentials of fibers recorded were 55.9 ± 1.4mV
for wild-type and 61.0 ± 1.9mV for Erm mu-
tant mice. ±SEM: *p% 0.05 and ***p% 0.001.factorsR2.5-fold: P1.5, 71 genes; P9.5, 64 genes; Tables
S1–S3 in the Supplemental Data available with this article
online). This analysis revealed that most genes previously
known to be expressed subsynaptically or isolated in sim-
ilar screens (Chakkalakal and Jasmin, 2003; Jevsek et al.,
2006; Kishi et al., 2005) were recovered by our approach
(Tables S1–S3).
Using the list of genes expressed in a synaptically en-
riched pattern in wild-type, we next evaluated how many
of these genes were misregulated in Erm mutant mice.
We found that at P1.5, 48% of all synaptically enriched
genes were downregulated in Erm mutant subsynaptic
muscle preparations by at least 1.5-fold when compared
with wild-type levels (34/71 genes; Table S1). At P9.5,
69% of all genes were downregulated in Erm mutants
(44/64 genes; Table S2). No synaptically enriched genes
recovered in the wild-type analysis were upregulated in
synaptic regions of P9.5 Erm mutants by R1.5-fold. A
combined analysis of lists derived from both developmen-
tal stages identified 38 genes with synaptic enrichment
of R2.5-fold at both stages; of these, 17 genes (45%)
were downregulated by >1.5-fold in Erm mutants (Table
S3). Interestingly, we noticed a population of genes tran-
siently upregulated by >1.5-fold in Erm mutants at P1.5
(8/71), but most of these genes corresponded to genes
known to be expressed by Schwann cells (Table S1), indi-
cating that Schwann cells might be transiently affected in
Erm mutant mice. Moreover, since genes expressed by
Schwann cells also score as synaptically enriched in our
screen, we are likely to underestimate the number of734 Neuron 55, 726–740, September 6, 2007 ª2007 Elsevier Ingenes directly or indirectly regulated by Erm in extrafusal
muscle fibers.
We next verified a number of genes isolated by our
Affymetrix screen using in situ hybridization experiments
on P1.5 thigh muscles of wild-type and Erm mutant
mice. In particular, we confirmed downregulation of two
genes recently identified as subsynaptically expressed in
wild-type mice: dual specificity phosphatase 6 (Dusp6)
and Cd24, the latter of which encodes a GPI-anchored
sialoglycoprotein (Jevsek et al., 2006; Nazarian et al.,
2005) (Figures 7M–7P; data not shown). Moreover, our
analysis also identified a number of genes previously not
described to be expressed subsynaptically, among them
a putative potassium channel accessory protein (Kcne1-
like) and the voltage-gated sodium channel subunit
Scn3b, the expression of both of which is dramatically
downregulated to nearly undetectable levels in Erm mu-
tant thigh muscles (Figures 7Q–7X). High levels of func-
tional sodium channels at NMJs have been observed
many years ago (Caldwell et al., 1986), but regulatory
mechanisms of synaptic enrichment of sodium channel
subunits have remained elusive. Our findings suggest
that at least part of this regulation may be controlled by
Erm-dependent transcriptional mechanisms.
In summary, these findings show that the gene expres-
sion changes identified in our Affymetrix gene chip exper-
iments were confirmed by in situ hybridization experi-
ments and matched the degree of downregulation
detected in Erm mutant muscles. We conclude that Erm
is essential to enhance expression levels of a large fractionc.
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Erm Controls Subsynaptic Gene Expressionof genes confined to subsynaptic nuclei in skeletal muscle
fibers.
DISCUSSION
Local protein accumulation is important to regulate avail-
ability of specific proteins at synapses, but mechanisms
contributing to this subcellular specificity remain poorly
defined. At the developing NMJ, a transcriptionally
specialized region within nascent myotubes delineates
the postsynaptic domain where NMJs form. In this study,
we provide evidence that the expression of the ETS tran-
scription factor Erm plays an important role in controlling
the selective subsynaptic accumulation of many tran-
scripts at NMJs. Its mutation in mice has severe conse-
quences for NMJ maintenance and function at multiple
levels of analysis. We discuss our findings in the context
of mechanisms regulating local protein accumulation at
Figure 6. Broadened Subsynaptic Gene Expression Domain
in Erm Mutant Mice
Analysis of AChRa (A–D) and Erm (E and F) expression by whole-
mount in situ hybridization experiments in intercostal muscles of
E16.5 (A and B) and P1.5 (C–F) wild-type (A, C, and E) and Ermmutant
(B, D, and F) mice. Note broadening of expression domain in Ermmu-
tant mice, as quantified in (G) (wild-type: gray bars; Erm mutant: red
bars). ±SEM: ***p % 0.001. Scale bar, 175 mm in (A) and (B); 145 mm
in (C)–(F).Neusynapses, signaling pathways involved in NMJ differentia-
tion, and the role of Erm in these processes.
Molecular Mechanisms Controlling Protein
Accumulation at the Subcellular Level
Which molecular mechanisms act to restrict, target, and
accumulate proteins to defined subcellular sites? Local
availability of proteins can be regulated at many different
levels. Classical studies on mechanisms of protein target-
ing have revealed the existence of dedicated peptide
sequences responsible for guiding proteins to sites of
action such as secretory pathways or mitochondria. In
addition to these posttranslational targeting mechanisms,
regulationat the level of local protein synthesis is a relatively
recently discovered mechanism which has been studied
intensely at synapses (Sutton and Schuman, 2006) and
allows highly selective production of distinct proteins at
defined synapses. The multinuclear structure of muscle fi-
bers adds additional mechanistic flexibility for accumula-
tion of synaptic transcripts and proteins at the NMJ. Our
study provides evidence that Erm is essential to regulate
accumulation of mRNAs at subsynaptic nuclei in extrafusal
muscle fibers and thereby contributes to synaptic protein
enrichment through transcriptional mechanisms.
ETS Transcription Factor Signaling
at Subsynaptic Nuclei
The elucidation of transcriptional mechanisms regulating
gene expression within the subsynaptic domain of extra-
fusal muscle fibers has been a topic of many investiga-
tions (Burden, 2002; Sanes and Lichtman, 2001; Schaeffer
et al., 2001). In particular, mapping studies for transcrip-
tion factor binding sites in AChR subunit promoter
elements have led to the suggestion that the ETS tran-
scription factorGABPamight play a key role in the regula-
tion of subsynaptic gene expression (Duclert et al., 1996;
Koike et al., 1995; Schaeffer et al., 1998). However, the
absence of overt behavioral abnormalities resembling
CMS after conditional GABPa mutation (Jaworski et al.,
2007; O’Leary et al., 2007) argues against a role ofGABPa
as the major transcriptional regulator involved in enhanc-
ing subsynaptic gene expression.
Our findings from analyses of Ermmutant mice suggest
instead that the ETS transcription factor Erm plays an es-
sential role in subsynaptic gene expression. We found the
expression of Erm to be subsynaptically restricted within
extrafusal muscle fibers, and Erm mutation leads to pro-
nounced changes in subsynaptic transcription. Our study
does not provide biochemical evidence that Erm interacts
with ETS consensus site regulatory elements of genes
whose expression levels are affected in Erm mutant skel-
etal muscles. However, due to the relative promiscuity of
promoter binding assays to test for ETS transcription fac-
tor binding in reduced systems (Mo et al., 1998), interac-
tion of Erm with the same binding sites that have been
described to interact with GABPa is to be expected. In
support of this, within the relatively broadly defined ETS
transcription factor consensus binding site, a moreron 55, 726–740, September 6, 2007 ª2007 Elsevier Inc. 735
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Erm Controls Subsynaptic Gene ExpressionFigure 7. Selective Downregulation of a Fraction of Subsynaptic Genes in Erm Mutant Mice
(A–L) Analysis of Erm (A–D),AChR3 (E–H), and AChRd (I–L) expression by in situ hybridization experiments on hindlimbmuscles of P10wild-type (A, C,
E, G, I, and K) and Erm mutant (B, D, F, H, J, and L) mice. (M–X) Analysis of Dusp6 (M–P), Kcne1l (Q–T), and Scn3b (U–X) expression by in situ hy-
bridization experiments on hindlimb muscles of P1.5 wild-type (M, O, Q, S, U, and W) and Ermmutant (N, P, R, T, V, and X) mice. In situ hybridization
(false color images in green) was combined with immunocytochemical detection of NF (red) to visualize presynaptic motor nerve terminals.
(Y and Z) Quantitative analysis ofMuSK expression levels determined by real-time PCR on cDNA derived from E16.5 (Y and Z) and P1.5 (Y) gastroc-
nemius muscles of wild-type and Erm mutant mice. MuSK reactions were normalized against GAPDH, and (Z) depicts a representative example of
amplification at E16.5. Relative fluorescent units are plotted against cycle number. Dashed line indicates signal intensity used for quantitative assess-
ment of differences. ±SEM: *p% 0.05
Scale bar, 60 mm in (A)–(L); 40 mm in (M)–(X).restricted consensus site known as the N-box element
has been implicated in GABPa-mediated responses of
subsynaptic gene expression (Briguet and Ruegg, 2000;
Fromm and Burden, 1998; Schaeffer et al., 1998). This
N-box consensus site also matches the binding site ob-736 Neuron 55, 726–740, September 6, 2007 ª2007 Elsevier Iserved for Pea3 ETS transcription factor subfamily mem-
bers including Erm in a study analyzing DNA sequence
discrimination by ETS proteins (Mo et al., 1998).
Could there be interplay between Erm- and GABP-me-
diated signaling pathways in the control of subsynapticnc.
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Erm Controls Subsynaptic Gene Expressiongene expression? ETS transcription factors interact with
a variety of cofactors in order to control cell-type-specific
downstream responses (Sharrocks, 2001), raising the
possibility that Erm could interact with some of the same
cofactors as GABPa—most importantly, its high-affinity
binding partner GABPb. Against this possibility, GABPb
does not augment DNA-binding activity of Er81, a Pea3
ETS family member closely related to Erm (Brown and
McKnight, 1992). Moreover, domains required for interac-
tion between GABPa and GABPb have been mapped and
it appears unlikely that Erm would associate with GABPb
(Rosmarin et al., 2004). Whether and how GABP and
Erm signaling pathways interact in skeletal muscles re-
mains to be determined. Most likely, possible conver-
gence would be at the level of overlapping target genes,
where GABPa only plays a minor role in vivo (Jaworski
et al., 2007; O’Leary et al., 2007).
Molecular Pathways Regulated by Erm
in Subsynaptic Nuclei
Our genome-wide estimate of the fraction of genes whose
expression levels are affected by Ermmutation would pre-
dict that at least half of the genes expressed in a subsy-
naptically enriched pattern in wild-type diaphragm mus-
cles are regulated either directly or indirectly through this
pathway. However, while we detect strong downregula-
tion of many of these genes, Erm can clearly not be the
sole determinant for their expression within extrafusal
muscle fibers. Against such a dominant role, a low level
of expression for some downregulated genes can still be
detected in a centralized domain by in situ hybridization.
Our observations are compatible with detailed analysis
of regulatory pathways involved in AChRd expression
that reveal multiple cis-acting elements involved in control
of expression. In these studies, in addition to an ETS tran-
scription factor binding site implicated in subsynaptic ex-
pression (Fromm and Burden, 1998), an E-box element
defines skeletal muscle expression as such (Simon and
Burden, 1993). Further support against an ‘‘all-or-none’’
trigger role of Erm comes from our observations that the
phenotype of Erm mutant mice is clearly less severe
than the additive phenotypes of mutation in individual
genes with downregulated expression levels in Erm mu-
tants. For example, Erm mutant mice show a phenotype
highly distinct from MuSK mutants, which exhibit a com-
plete lack of transcriptional patterning and AChR cluster-
ing as well as extensive motor axon sprouting (DeChiara
et al., 1996), suggesting that even reduced levels of
MuSK in Erm mutant mice are sufficient to support
AChR clustering, alignment of presynaptic and postsyn-
aptic structures of NMJs, and survival of mice beyond
birth. We propose that Erm acts to boost gene expression
levels selectively at subsynaptic nuclei rather than being
an all-or-none trigger for the expression of these genes
in extrafusal muscle fibers. As such, Erm controls an es-
sential subprogram in subsynaptic gene expression in-
volved in NMJ maturation and maintenance (Figure 8E).
In addition, our findings support the existence of at leastNeone Erm-independent pathway controlling subsynaptic
gene expression (Figure 8E).
Erm and the Establishment of an AChR-Cluster-
Rich Central Domain
The restricted expression of Erm to the subsynaptic do-
main of extrafusal muscle fibers raises the question of
whether Erm itself defines the domain competent for
NMJ formation before motor axons arrive. We found that
Erm fulfills at least one of the criteria required to qualify
as such a gene: its expression is not regulated by mo-
tor-nerve-derived signals. But what are the consequences
of Erm mutation for setting the width of the domain in
which NMJs form? At the transcriptional level, genes
with maintained expression levels in Erm mutants exhibit
Figure 8. Erm Controls Subsynaptic Gene Expression
(A–D) Schematic model figure depicting developmental time course of
NMJ formation in wild-type (A and B) and Ermmutant (C and D) mice at
E14.5 and E16.5. In wild-type, AChR clusters are confined to a central-
ized domain within extrafusal muscle fibers. By E16.5, presynapticmo-
tor axons align with postsynaptic AChR clusters overlying the tran-
scriptionally defined subsynaptic region (B). Erm mutant mice show
a broadened domain in which AChR clusters already accumulate
within extrafusal fibers at E16.5, but no defects in alignment of presyn-
aptic and postsynaptic structures are detected (D).
(E) Schematic diagram illustrating the existence of at least two alterna-
tive transcriptional pathways involved in the regulation of subsynaptic
gene expression. Erm is essential to enhance subsynaptic gene ex-
pression of a major fraction of the genes expressed subsynaptically
within extrafusal muscle fibers. The remaining set of genes is hypoth-
esized to be regulated through one or more other transcriptional path-
ways (X).uron 55, 726–740, September 6, 2007 ª2007 Elsevier Inc. 737
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ertheless preserve central patterning. These findings
strongly argue against Erm being an upstream transcrip-
tion factor involved in setting up the transcriptionally spe-
cialized central domain within extrafusal muscle fibers.
Since in the absence of Erm, this transcriptionally defined
domain is significantly broader than in wild-type mice, our
results raise the possibility that the primary cause resulting
in the formation of a broadened NMJ domain in Erm mu-
tants could be a defect in refining the width of the central
transcriptional specialization. The accumulation of AChR
clusters in a broadened domain and the subsequent asso-
ciation with presynaptic terminals within the limits of this
domain would thus be a secondary consequence of an ini-
tially broadened transcriptional domain (Figures 8A–8D).
In support of this view, in Erm mutants analyzed at
E16.5, we observed transcriptional broadening and
a wider domain in which AChR clusters accumulate. This
stage corresponds to the stage at which a sharpened
transcriptionally defined central domain is normally first
observed in wild-type embryos. In such a model, the
broadening of AChR cluster accumulation would be a
consequence of a disturbed transcriptional territory in
Erm mutants.
We cannot, however, exclude a model in which the
broadening of the transcriptional expression is a second-
ary consequence of a less efficient process of NMJ differ-
entiation, perhaps due to weakened activity of postsynap-
tic elements in response to signals derived from ingrowing
motor axons. Similarly, broadening of the synaptic EP
band in Erm mutants could equally well reflect a weaken-
ing in a MuSK-dependent feedback loop. In support of
such amodel,MuSK heterozygous mutant mice in the ab-
sence of motor innervation essentially fail to form AChR
clusters (Lin et al., 2001), and lower MuSK activity could
thus contribute to the lack of refinement of the AChR-
rich central domain in Erm mutant mice.
By which cellular and molecular mechanisms is the es-
tablishment of the transcriptionally specialized central do-
main controlled in wild-type mice? The fact that Erm is
regulated by motor-nerve-independent mechanisms rai-
ses the question of what mechanisms are regulating the
expression domain of Erm in the muscle. Lineage tracing
experiments have provided convincing evidence that
myoblast clones do not become restricted to particular
muscles, but can spread out between different muscles
(Kardon et al., 2002). These studies suggest that muscles
are patterned by mechanisms not primarily residing within
immigrating myoblasts, but instead suggest that this infor-
mation is superimposed onto nascent myotubes by sig-
naling interactions from underlying mesenchyme tissue
(Kardon et al., 2003). Furthermore, the developmental pro-
gression of muscle cleavage is a process driven by mes-
enchymal signals and future muscle endpoint domains
have been suggested to be important upstream regulators
in this process. These observationsmake it most plausible
that signals from within the mesenchyme pattern nascent
myotubes.738 Neuron 55, 726–740, September 6, 2007 ª2007 Elsevier IncIn developing somites, recent work has established
a molecular link between FGF signaling and the induction
of Erm expression acting at a certain distance (Brent and
Tabin, 2004). Interestingly, FGF6 is one of only a few genes
observed to be selectively expressed by primary myotube
endcompartments and prospective tendon mesenchyme
(deLapeyriere et al., 1993). In analogy to the work in devel-
oping somites (Brent and Tabin, 2004), FGF signaling from
the tendon region may therefore act to induce the expres-
sion of Erm in the central domain of forming myotubes. In
an alternative model, the establishment of the prepattern-
ing domain has been suggested to be a consequence of
enhanced initial MuSK signaling and associated kinase
activation in this central region (Yang et al., 2001). Indeed,
MuSK mutant mice lack subsynaptically enriched gene
expression, and ectopic expression of MuSK outside
this domain is sufficient to trigger postsynaptic differenti-
ation (DeChiara et al., 1996; Sander et al., 2001).
A Link between Erm and CMS?
Perhaps the most striking phenotype we observed in Erm
mutant mice is the progressive development of muscle at-
rophy, accompanied by severe movement deficits and
premature death. These deficits are highly reminiscent of
the clinical symptoms described for patients with CMS,
characterized by dysfunction of neuromuscular transmis-
sion as a consequence of either presynaptic or postsyn-
aptic NMJ defects (Engel et al., 2003). To our knowledge,
no Erm mutation has been linked to CMS in humans to
date. Strikingly, however, mutation of an N-box consen-
sus ETS binding site in the AChR3 promoter region in
humans leads to a form of CMS (Ohno et al., 1999), high-
lighting the clinical relevance of ETS transcription-factor-
mediated signaling pathways. The Erm mutant mouse
model analyzed in this studymay thus shed light on signal-




and In Situ Hybridization
Erm+/ (Chen et al., 2005), Hb9GFP (Wichterle et al., 2002), Isl2DTA, and
Hb9Cre (Yang et al., 2001) mouse strains have been described previ-
ously. Immunohistochemistry and in situ hybridization experiments
were essentially performed as described (Arber et al., 2000). Images
were collected on an Olympus confocal microscope or an MVX10
stereo dissection microscope and analyzed as described in the
Supplemental Data. For all experiments, significance was determined
performing an ANOVA single-factor test and defined as *p % 0.05,
**p% 0.01, and ***p% 0.001.
Gene Expression Analysis
For Affymetrix microarray gene expression analysis (U74Av2/U74Bv2
gene chip arrays), total RNA was isolated from BTX-labeled synaptic
EP band and BTX-negative extrasynaptic region of the diaphragm
muscles at P1.5 and P9.5 from wild-type and Erm mutant littermates,
similar to a method described previously (Kishi et al., 2005). Data anal-
ysis was performed using Expressionist Pro 3.1 software (GeneData).
Details on chip and quantitative real-time PCR are described in the
Supplemental Data..
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Erm Controls Subsynaptic Gene ExpressionIntracellular Muscle Fiber Electrophysiology
Intracellular muscle fiber recordings were performed from diaphragm
muscle fibers of wild-type and Erm mutants according to previously
published procedures (Knight et al., 2003) further described in the
Supplemental Data.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/55/5/726/DC1/.
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